ABSTRACT Experiments were conducted in an environmental growth chamber to determine the movement and feeding preferences of Nezara viridula (L.) and Euschistus servus (Say) on individual cotton plants. Fifth instars were caged by species on a single cotton plant (FM 9063 B2F) containing four discrete boll sizes ranging from 1.1 to 3.0 cm in diameter over a period of 5 d per replication. Two digital video cameras were simultaneously focused on each of the four bolls per plant to visually conÞrm stink bug resting and movement. During the study, a total of 4,080 h of video footage was recorded and analyzed. Results showed that N. viridula and E. servus did not prefer the exact same boll sizes. In a trial with eight stink bugs per plant, N. viridula spent more time on the three larger boll classes, 1.6 Ð2.0, 2.1Ð2.5, and 2.6 Ð3.0 cm. In a separate trial with one stink bug per plant, N. viridula spent more time on the larger boll classes while E. servus exhibited the strongest preference for 1.1Ð1.5 and 2.1Ð2.5 cm bolls. N. viridula moved more often than E. servus and both species moved more often during photophase compared with scotophase. Regardless of species or number of bugs released, bolls in the smallest boll size class fell off the plant about 3 d after the bugs were released. These results conÞrm that scouts who are estimating stink bug damage should select bolls in the 2.1Ð2.5 cm diameter boll size class.
Stink bugs (Hemiptera: Pentatomidae) are key cotton pests in the southeastern and mid-southern United States. The southern green stink bug, Nezara viridula (L.) (Hemiptera: Pentatomidae), is considered one of the most important agricultural pests in the world (Todd 1989) . The brown stink bug, Euschistus servus (Say) (Hemiptera: Pentatomidae) is the most widespread member of the Pentatomidae in North America (Munyaneza and McPherson 1994) , and has received a great deal of recent attention (Siebert et al. 2005 , Tillman 2010 , Herbert and Toews 2011 . Both species are polyphagous and cause economic damage to a wide-range of agricultural crops such as corn, cotton, peanut, soybean, and wheat , Reay-Jones 2010 , Olson et al. 2011 , Herbert and Toews 2011 . Stink bug feeding on developing cotton bolls can result in boll abscission, lint staining, reduced lint quality, and reduced yields (Cassidy and Barber 1939 , Willrich et al. 2004 , Toews et al. 2009 , Xia et al. 2011 . N. viridula is reported to acquire and transmit Pantoea agglomerans strain Sc 1-R, an opportunistic boll rot bacterium, into cotton bolls. Boll rot pathogens are transmitted by both nymphs and adults of N. viridula (Esquivel 2011) .
Although N. viridula biology and ecology are extensively documented (DeWitt and Godfrey 1972, Todd 1989) , little is known concerning temporal feeding patterns of N. viridula and E. servus. A previous study showed that adults and nymphs of N. viridula were observed to feed during early morning and late afternoon in the Þeld (Corpuz 1969, Lockwood and Story 1986) ; however, both of those studies were conducted during photophase. A previous study showed that adult female N. viridula could be seen feeding throughout the day, but fed for longer durations during scotophase (Ϸ12 min/h) than the photophase (Ϸ4 min/h) (Shearer and Jones 1996) .
Recently, a video-based assay was developed to monitor Lygus hesperus Knight (Hemiptera: Miridae) movement, stylet-probing durations, feeding location on squares, and oviposition behaviors on cotton (Cooper and Spurgeon 2011). They found that prereproductive adults of L. hesperus were less active and feed more compared with reproductive adults, but behaviors varied by gender and mating states. Because of the recent awareness of stink bugs as a vector of boll rot pathogens (Esquivel 2011; Medrano et al. 2007 Medrano et al. , 2009 , the authors anticipate that future stink bug feeding studies will be conducted to show how these pathogens are transmitted. The role of photo condition on feeding will be necessary for these studies.
Common scouting methods for stink bugs in cotton include the sweep net, drop cloth, and internal boll injury. Although it requires comparatively less time, estimating population density with the sweep net and drop cloth have documented age biases; more adults tend be captured in the sweep net, while more nymphs tend to be captured on the drop cloth. Assessment of boll injury, determined by evaluating bolls for the presence of internal warty growths or yellow stained lint, requires more time but is much more sensitive (Wene and Sheets 1964, Greene and Herzog 1999) . For example, assessing internal boll injury was 10-fold more sensitive at detecting boll injury than use of a sweep net or drop cloth to detect insect presence; however, assessing internal boll injury required fourto sixfold more time than sweep net and drop cloth samples, respectively (Toews et al. 2008) . A new technique based on external boll feeding lesions was proposed to improve time consuming internal boll injury method for assessing stink bug damage in cotton (Toews et al. 2009 ); however, only a moderately strong correlation was detected between external stink bug feeding symptoms and internal feeding damage (Toews et al. 2009 , Blinka et al. 2010 .
Because detection of internal boll damage remains the standard for stink bug scouting, choosing the correct sized boll is critical. Siebert et al. (2005) showed that 7Ð27 d old bolls were more frequently injured by E. servus, which corresponded to bolls with a diameter of 1.2-to 3.6 cm. The current Extension recommended practice is to collect quarter sized (2.4 cm) diameter bolls and then visually inspect the internal tissues for signs of feeding (Bacheler 2007) . However, feeding behavior on bolls may vary among different stink bug species and movement activities of stink bugs within plants are poorly understood. The objectives of this study were to determine the boll size that was most frequently injured by N. viridula and E. servus and to examine differences in the rate of stink bug movement as a function of photoperiod.
Materials and Methods
Stink Bug Rearing. The N. viridula colony was founded with Ϸ50 adults collected from Tift County, GA, in April 2007. Feral individuals were introduced annually to prevent colony decline in vigor and viability. The resulting colony was maintained in the lab following the methods of Harris and Todd (1981) on pesticide free green beans, Þeld corn, or okra pods depending on seasonal availability. Adults were supplemented with free water, shelled green peanuts and raw shelled sunßower seeds. Eggs through third instars were held in ventilated petri dishes, while fourth and Þfth instars were held in 0.95 liter clear plastic jars (part no. JSS32-120PP, Olcott Plastics, St. Chas, IL). Adults were held in 37.9 liter glass aquaria with paper towels serving as oviposition substrate. All life stages were held in environmental chambers that maintained conditions at 21Ð26ЊC, 65% RH, and a photoperiod of 14:10 (L:D) h.
The E. servus colony was founded from Ϸ50 adults collected in May 2009 from corn in Tifton County, GA. The colony was maintained under a photoperiod of 16:10 (L:D) h at 21.0 Ð28.0ЊC and 65% RH. Individuals were fed a diet of pesticide free green beans, Þeld corn, or okra pods. Adults were supplemented with shelled green peanuts and raw shelled sunßower seeds. Eggs through third instars were held in ventilated petri dishes, while fourth and Þfth instars were held in 0.95 liter clear plastic jars. Adults were held by individual mating pair in 0.47 liter clear plastic jars; each jar was provisioned with a 3 cm wide ϫ 8 cm long cheesecloth suspended from the lid for the oviposition substrate.
Plant Cultivation. Individual potted cotton plants (FM 9063 B2F, Bayer CropScience) were grown year round in a greenhouse maintained at 21Ð35ЊC with a photoperiod of 14:10 (L:D) h. Individual seeds (one seed per pot) were sown in 11.35-liter plastic pots Þlled with Metro Mix 300 growing medium (Sun Gro Horticulture, Bellevue, WA) and fertilized bimonthly with 6.5 g of Osmocote 14 Ð14-14 and a 5.5 g of Micromax 90505 (The Scotts Co. LLC, Marsville, OH), following the methodology of Bundy et al. (2000) . Plants were watered twice daily using a timer system. A weak solution (6 ml per liter of water) of mepiquat pentaborate (Pentia, BASF Corporation, Research Triangle Park, NC) was applied weekly during fruiting to prevent rank vegetative growth.
Once the plants began ßowering, individual white ßowers were tagged daily with a piece of vinyl ßagging tape that was loosely wrapped around the boll petiole with a short piece of 0.51 mm diameter steel wire. Cotton bolls were allowed to continue developing for a period of 3Ð14 d. Individual plants were randomly chosen and transferred to an experimental chamber at the time of the experiment when Þrst position bolls Þt into the following four external size classes: 1.1Ð1.5, 1.6 Ð2.0, 2.1Ð2.5, and 2.6 Ð3.0 cm. The diameter of each boll was measured with a vernier caliper to tenths of a centimeter and the height above ground of each boll was measured with a meter stick on the Þrst day of the experiment. Boll age was calculated before each experiment based on the date tagged (bloom). Any additional bolls that were not part of the experiment (typically second position bolls at the bottom of the plant) were excised with a scissors before starting the trial.
Environmental Conditions. All experiments were conducted by caging stink bugs on an individual cotton plant in an upright growth chamber (model I-36 LLVL, Percival ScientiÞc, Perry, IA) that maintained a photoperiod of 14:10 (L:D) h and temperature at 25ЊC during the day and 20ЊC at night. Environmental conditions were conÞrmed and monitored using a data logger (Hobo H8, Onset Computer Corp., Cape Cod, MA). Lighting was provided by four F32T8 4100 K ßuorescent light bulbs. Light intensity was measured in the middle of the chamber using a digital light meter (model 401025, Extech Instruments, Nashua, NH). Two shelves, one positioned as far toward top of the chamber as possible and a second positioned as far toward the bottom of the chamber as possible, were left in the chamber so that video camera ßex mounts could be attached. The remaining shelves were removed so that the potted plant could be positioned on the bottom shelf with the plant canopy extending Ϸ75Ð90% of the distance to the top of the chamber.
Video Camera Positioning. Two high resolution miniature color video cameras (HCCM474M, Honeywell, Morristown, NJ) were focused on each of the four cotton bolls to record stink bug activity. Cameras were mounted on ßex mounts (model 817-13, PanaVise Products Inc., Reno, NV) and linked to a digital video recorder (EDR920 Powerplex, EverFocus Electronics Corp., Taipei, Taiwan) via cables that passed through a port in the side of the chamber. Each camera was outÞtted with a vari-focal CCTV lens (model YV5x2.7R4B-SA2L, Fujinon Corp., Tokyo, Japan). A liquid crystal display color monitor was connected to the digital video recorder for focusing and observation from outside the closed growth chamber. A lightemitting diode infrared illuminator (IR-200, ProVideo, Amityville, NY) was mounted on a tripod and directed toward each of the four bolls to facilitate night vision. The cameras automatically switched from color to black and white mode when the growth chamber lights when out; in black and white mode, the camera had sufÞcient light sensitivity to the infrared illumination that the stink bugs could be observed in the absence of visual light. Power to the illuminators was controlled by a separate automated light sensor that activated when the chamber lights went off.
Experiment Types. Two separate types of experiments were conducted. Using N. viridula only, the Þrst experiment was conducted by releasing eight stink bugs simultaneously on the same cotton plant. Results from that experiment suggested that the insect density could be reduced. In the second type of experiment, a single N. viridula or E. servus was released on a single cotton plant.
Eight Stink Bugs Per Plant Protocol. This experiment was conducted in an upright growth chamber at the Riverbend Entomology greenhouse in Athens, GA, in 2009. Trials were conducted with fourth or Þfth instars of N. viridula that were shipped overnight from Tifton with moist tissues and fresh green beans in a plastic container. To increase visibility of the stink bugs, the dorsal side of the abdomen was lightly brushed with orange ßuorescent dust (DayGlo Color Corp., Cleveland, OH). In each replicate, four N. viridula nymphs were released on the bottom leaf of the plant while the other four nymphs were released from the top leaf of the plant. After each 5 d observation period, the cotton plant was removed from the chamber and the bolls were excised from the plant and internally examined for the presence of punctures, warts, or stained lint. Resulting video Þles were examined and the total time each stink bug spent on a particular boll was recorded. Ten replicates (individual plants) were conducted from August to December in 2009.
The treatments were analyzed as a one way analysis of variance (ANOVA) arranged in a randomized complete bock design. The experimental unit for the trial was each boll on a living plant throughout the 5 d recording period. Measurements of feeding behavior and movement were taken from the video footage.
During each 5 d recording period, investigators scored the number of times a stink bug moved onto a speciÞc boll and the length of time that the stink bugs spent on each boll class. The response variable, time on bolls, was subjected to a logarithmic transformation (Zar 1999) and then compared among boll classes using a one-way ANOVA (PROC GLIMMIX; SAS Institute 2008). Boll class was modeled as a Þxed effect and ten replicates (plants) were modeled as a random effect. Treatment means were separated using the LSMEANS test (P Ͻ 0.05). Regardless of transformations, actual time (hours) stink bugs spent on bolls are presented in the text and Þgures.
One Stink Bug Per Plant Protocol. Experiments were conducted in an upright growth chamber during 2010 and 2011 at the Coastal Plain Experiment Station located at Tifton, GA. All replicates were conducted with newly molted Þfth instars. The dorsal side of the abdomen was lightly brushed with orange ßuorescent dust (DayGlo Color Corp.) to increase visibility of the stink bugs. In each replicate, a single Þfth-instar N. viridula or E. servus nymph was released on the bottom leaf of the cotton plant located in the environmental growth chamber. At the conclusion of each 5 d replicate, the plant was removed and bolls were excised from the plant and internally examined for evidence of stink bug feeding, denoted by the presence of punctures, warts, or stained lint. Measurements of feeding behavior and movement were taken from the video footage. Video Þles were examined and the total time each stink bug spent on a particular boll was recorded. Twelve replicates (plants) each with N. viridula or E. servus were conducted.
The experiment was organized as a two way factorial arrangement of treatments in a randomized complete block design. Response variables, time spent on bolls, and movement frequency (bugs moving on or off a given boll), were log transformed to correct for heteroscedastic variances. A two-way ANOVA (PROC GLIMMIX; SAS Institute 2008) was performed to compare the length of time that stink bugs spent on each boll class where species and boll class were Þxed effects and replicates (individual plants) were random effects; treatment means were separated using the LSMEANS test (P Ͻ 0.05) and the slice option (SAS Institute 2008) if there was a signiÞcant interaction. Movement frequency was also analyzed as a two-way ANOVA (SAS Institute 2008) to detect differences between species and photo condition. Species and photo condition were Þxed effects and replicates were modeled as random effects. Treatment means were separated using the LSMEANS test (P Ͻ 0.05). Regardless of transformations for data analyses, actual means and SEs are presented in the text, table, and Þgures.
Results
In total, 2,880 h of video footage was recorded for the single stink bug per plant experiment and an additional 1,200 h was logged for the eight stink bugs per plant experiment. During those experiments, the mean temperature in the growth chamber was 23.65 Ϯ 0.02ЊC during photophase and 20.48 Ϯ 0.02ЊC during scotophase. Mean relative humidity was 87.0% during photophase and 89.6% during scotophase. Similarly, light intensity was 2628.5 Ϯ 3.5 lux during photophase and 12.6 Ϯ 0.5 lux during scotophase. Mean Ϯ SEM boll size in each class was 1.22 Ϯ 0.02, 1.74 Ϯ 0.02, 2.27 Ϯ 0.02, and 2.78 Ϯ 0.02 cm, respectively (n ϭ 24). This corresponded with a mean Ϯ SEM boll age in each class of 3.4 Ϯ 0.2, 6.9 Ϯ 0.3, 9.9 Ϯ 0.3, and 13.0 Ϯ 0.5 d, respectively (n ϭ 17). The mean Ϯ SEM distance above ground level for each boll class from the smallest to the largest boll size class was 100.0 Ϯ 2.5, 94.1 Ϯ 2.4, 85.6 Ϯ 2.3, and 77.6 Ϯ 2.5 cm, respectively (n ϭ 17). The mean Ϯ SEM age of N. viridula used for this experiment was 24.7 Ϯ 0.9 d, whereas the mean Ϯ SEM age of E. servus was 20.3 Ϯ 1.1 d.
Eight Stink Bugs Per Plant Protocol. In the experiments with eight N. viridula released on a single cotton plant, internal feeding symptoms were evident on 9, 10, 10, and 10 (smallest to largest boll classes) of the 10 total bolls in each boll size class. The mean time spent on bolls was signiÞcantly greater on the three larger boll classes compared with the smallest boll class (F ϭ 19.70; df ϭ 3, 27; P Ͻ 0.0001) (Fig. 1) . The smallest boll abscised from the plant before the end of the 5 d replicate in 8 of the 10 replicates. Considering replicates where the bolls fell off during the experiment, abscission occurred 72.8 Ϯ 4.7 h after the infestation was initiated.
One Stink Bug Per Plant Protocol. Regardless of species, stink bugs generally fed on all boll classes. In experiments with a single N. viridula per cotton plant, feeding symptoms were evident on 9, 7, 9, and 12 (smallest to largest boll classes) of the 12 total bolls in each boll size class at the end of the 5 d replicate. In 10 out of the 12 replicates, bolls of the smallest boll class abscised from the plant during the experiment. Considering those 10 replicates only, bolls dropped an average of 71.55 Ϯ 8.22 h after f N. viridula infestation.
In replicates with a single E. servus individual per cotton plant, feeding symptoms were evident on 12, 7, 10, and 6 (smallest to largest boll classes) of the 12 total bolls in each boll size class at the end of 5 d replicate. The smallest boll abscised from the plant in 6 out of the 12 replicates. Considering replicates where the bolls fell off during the experiment, mean time for the smallest boll to abscise was 77.6 Ϯ 14.2 h.
In experiments with one bug per plant, statistical analyses of time spend on bolls showed that there was a signiÞcant interaction between insect species and boll size class (F ϭ 7.57; df ϭ 3, 77; P ϭ 0.0002) (Fig.  2) . Further analyses of the interaction (sliced by species) showed that there were differences among boll classes by species (E. servus F ϭ 5.81; df ϭ 3, 77; P ϭ 0.0012) (N. viridula F ϭ 3.86; df ϭ 3, 77; P ϭ 0.0125). Further analyses of the interaction (sliced by boll class) showed that there were no differences between species on bolls in the three smallest boll classes (F ϭ 0.00 Ð3.01, df ϭ 1, 77; P ϭ 0.0868 Ð 0.9976), but there were differences between species for the largest boll class (F ϭ 18.86; df ϭ 1, 77; P Ͻ 0.0001).
There were no interactions between species and photo condition when examining statistical analyses for movement frequency during each experiment (F ϭ 0.03; df ϭ 1, 33; P ϭ 0.8549). Conversely, there were obvious differences between Þxed effects for species (F ϭ 4.49; df ϭ 1, 33; P ϭ 0.0418) and between photophase and scotophase (F ϭ 49.39; df ϭ 1, 33; P Ͻ 0.0001) ( Table 1) . N. viridula moved more often than E. servus, and both species were more active during photophase than scotophase.
Discussion
The authors adopted a digital video-based system to monitor stink bug feeding preference and movement on individual cotton plants. Data obtained from the resulting Þles clearly demonstrated that this system was a useful tool for insect behavior studies. In the protocol with one bug per plant, a small amount of ßuorescent dust and the infrared illuminators facilitated tracking of each stink bugÕs movement on the bolls. Unfortunately, movement of individual stink bugs could not be tracked when eight stink bugs were simultaneously released because the bugs were not uniquely identiÞed. Future attempts with multiple bugs should be conducted with different dust colors or other unique marking technologies. The authors were unable to differentiate between stink bugs resting on bolls and stink bugs actively feeding on bolls in the video records. This occurred because of the relatively large area that had to be imaged on the boll and the fact that there was no way to predict where the stink bug(s) would insert their stylets. In all cases, more than one-half of the bolls in a particular boll size class exhibited symptoms of feeding damage. This observation suggests that bugs actively move among bolls, regardless of the number of individuals on each plant. While it is unknown if the stink bugs were actually feeding during the entire duration that they were observed on the bolls, observed damaged (Ͼ50% per boll in every replicate) strongly suggests that the bugs generally took a meal each time they were observed on a boll.
These data suggest that stink bug feeding preference was signiÞcantly inßuenced by stink bug species and cotton boll size. While individual N. viridula Þfth instars exhibited feeding preference for the two larger boll size classes (2.1Ð2.5 and 2.6 Ð3.0 cm), E. servus showed a preference for the 2.1Ð2.5 and 1.1Ð1.5 cm boll size classes. These observations clearly indicated that current Extension recommended practice, collection, and examination of quarter sized (2.4 cm) bolls, is highly appropriate for detecting stink bug damage in the Þeld (Greene and Herzog 1999) . Because the bugs preferred quarter sized bolls (2.1Ð2.5 cm), it is logical that those same sized bolls may be more susceptible to boll rot pathogens introduced during feeding (Esquivel 2011; Medrano et al. 2007 Medrano et al. , 2009 . Feeding preference inßuenced by cotton boll age has previously been documented for E. servus (Siebert el at. 2005) . In their observations, 7-to 27-d-old bolls (boll diameter of 1.161Ð3.586 cm with a mid-range of 2.375 cm) were the most frequently injured by E. servus. Our data provide a more precise boll size range.
One drawback to the stated experimental design is that the position of the bolls (boll location) could not be randomized on the plant. The authors hypothesized that in the one bug per plant experiment, the largest bolls would garner more visits because those bugs were released at the bottom of the plant would have to pass by the largest boll to get to a smaller boll. Numerically speaking this held true for N. viridula, but that hypothesis was revisited when stink bugs were simultaneously released at the top and bottom (eight bugs per plant trial) and the same trends were evident. Conversely, E. servus spent considerably less time on the 2.6 Ð3.0 cm bolls. Because boll size and location could not be randomized, they are confounded in these data. Although not examined as part of this experiment or any other experiments with stink bugs feeding on cotton, it is possible that preferential feeding on a speciÞc boll size could be inßuenced by agronomic or environmental factors that affect boll growth characteristics (Chen et al. 2005 (Chen et al. , 2007 Adhikari and Parajulee 2008) . However, that hypothesis is tempered by the fact that Ͼ50% of all bolls in this experiment exhibited feeding damage, thereby suggesting that the bugs were actively among all bolls on the plant.
Stink bugs feed on the developing seed and associated Þbers of the immature cotton boll (Barbour et al. 1988) . Siebert et al. (2005) hypothesized that fewer injured bolls in the smallest boll class might be because of the absence of internal seed development, therefore there would be a decrease the nutritional value of these bolls. Our results also show that bolls from the smallest boll size class were not highly preferred by N. viridula. A more obvious explanation for the disparity is that there were fewer opportunities for feeding on the smallest bolls because they generally fell off the plant Ϸ3 d after the experiments were initiated. For example, with N. viridula 83% of the smallest bolls abscised in the one bug per plant experiment; a similar number of bolls (80%) fell from the plant in the eight bugs per plant trial. Abscission of the smallest bolls is a known indicator of stress in cotton plants and stink bug feeding induces stress.
E. servus exhibited a strong avoidance of the largest bolls. This is interesting because the largest bolls would be the Þrst ones encountered when released from the bottom of the plant. It is worth noting that all of the smallest bolls (1.1Ð1.5 cm) exhibited internal damage, while only 58% of the next smallest boll class (1.6 Ð2.0 cm) exhibited feeding damage. In the E. servus infested plants, only 50% of the smallest bolls abscised compared with 83% boll abscission when infested by the same number of N. viridula. These data may suggest that boll injury from E. servus feeding is less damaging than feeding injury from N. viridula. In addition, greater movement frequency in N. viridula suggests that this species visits more bolls per unit of time and therefore causes more damage than E. servus. Clearly, additional data on probing intensity and feeding duration would be helpful to evaluate this hypothesis.
Movement frequency on an individual cotton plant during photophase was at least Þve times greater than scotophase for both N. viridula and E. servus. Generally speaking, stink bugs moved on and off the bolls during photophase and became sessile during scotophase. While it is true that there were four more hours (40.0%) of light than dark in the experimental photoperiod, this discrepancy does not compensate for a Þvefold increase in activity. The authors selected the experimental conditions based on typical environmental conditions, such as photoperiod, when cotton is ßowering in the Þeld. Previous studies with adult L. hesperus and adult female N. viridula demonstrated that both species fed signiÞcantly more during scotophase than photophase (Sevacherian 1975, Shearer and Jones 1996) . Prolonged feeding during scotophase would explain why both N. viridula and E. servus showed less movement frequency during scotophase.
Methods described here provide insight and increased knowledge on behavioral ecology of two important stink bug species. To summarize, both species preferred resting on 2.1Ð2.5 cm bolls and moved less (stayed on bolls longer) during scotophase. Pest management programs for stink bugs would be improved by using quarter-sized bolls for sampling boll damage. Furthermore, regardless of photoperiod, feeding and movement studies need to be conducted for a minimum of 24 h as there are obvious differences attributed to photo condition.
